On the orientational distribution functions in de Vries-type smectic liquid crystals by Rudquist, Per et al.
For Peer Review Only
ARTICLE TEMPLATE
On the orientational distribution functions in de Vries-type smectic liquid
crystals
Per Rudquista, Mikhail A. Osipovb and Frank Giesselmannc
aDepartment of Microtechnology and Nanoscience, Chalmers University of Technology, Gothenburg,
Sweden; bDepartment of Mathematics, University of Strathclyde, Glasgow, UK; cInstitute of Physical
Chemistry, University of Stuttgart, Stuttgart, Germany
ARTICLE HISTORY
Compiled May 22, 2018
ABSTRACT
In de Vries smectic liquid crystals the transition from the orthogonal smectic A (SmA) to the
tilted smectic C (SmC) phase occurs with essentially no decrease in smectic layer thickness.
This unusual behavior is commonly explained assuming a ‘hollow cone’ or ‘volcano-like’ orien-
tational distribution function (ODF) of rod-like molecules in SmA and the transition to SmC
being a pure disorder-order transition in the molecular tilt directions. However, even after 20
years of extensive investigations, the experimental confirmation of this ad-hoc model is still
inconclusive. While optical and electrooptic studies of many de Vries smectics can be readily
explained with the hollow cone model, X-ray diffraction studies as well as many polarized Ra-
man spectroscopy studies support a broad Maier-Saupe distribution of a sugarloaf-like shape.
We review and summarize X-ray, electro-optic and polarized Raman spectroscopy results on
the orientational distribution functions in the SmA phases of materials claimed to be of the de
Vries type and discuss how seemingly contradicting findings can both be true at the same time.
Optical properties are governed by the order of the aromatic core, whereas X-ray diffraction
essentially probes the order of principal molecular axes. In molecules where the core is far from
collinear with the long molecular axis, the cores may exhibit a volcano ODF while the molecular
axes exhibit a sugarloaf ODF.
KEYWORDS
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1. Introduction
With the concept of a so-called de Vries-type smectic liquid crystal we understand a material
that essentially does not change its smectic layer spacing in connection with the transition from
the orthogonal smectic A (SmA) to the tilted smectic C (SmC) phase (Fig. 1). The first person
to contemplate this possibility was Adriaan de Vries in 1977 [1]. According to his original ideas,
the rod-like molecules must already be tilted in this kind of smectic A phase with a large and
constant magnitude but random directions of tilt. Despite the individual molecular tilt the
smectic A phase remains uniaxial and the transition to the biaxial smectic C state is seen as a
global ordering in the molecular tilt directions. In this disorder-order transition the appearance
of director tilt is coupled to an increase in orientational order and thus in optical birefringence
(see Fig. 2) [2].
The model thus ad hoc predicts that there is zero layer shrinkage at the A − C transition.
This model is often referred to as the ’hollow cone’ model since molecules having a fixed tilt
angle β with respect to the smectic layer normal k are distributed on the surface of a (molecular
tilt) cone with opening angle 2β. In the more general and less extreme case the orientational
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Figure 1. Temperature-dependent smectic layer spacing d in the SmA and SmC phases of a de Vries-type liquid crystal
(3M 8422, see Ref. [2]). The actual d values measured by small-angle X-ray scattering (SAXS) are compared with the
hypothetical values which are expected from the optical tilt angle in the SmC phase. From Ref. [2].
Figure 2. Texture micrographs of a 10-µm planar sample of 3M 8422 (see Ref. [2]) observed between crossed polarizers
in the SmA phase at 71◦C (a) and in the SmC phase at 47◦C (b). The distinct change in interference color from yellowish
green to red is related to the birefringence increasing in the de Vries-type tilting transition from ∆n = 0.07 in SmA to
∆n = 0.09 in SmC. From Ref. [2].
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Figure 3. (a) Hollow cone model (right) leading to a volcano-like ODF in SmA (middle) and a pure disorder-order
transition to SmC (left). (b) A broad sugarloaf ODF would give the same layer spacing dA in SmA. In both, (a) and
(b), the transition to SmC (left) involves a significant increase in orientational order, which in (b) counteracts the layer
shrinkage from director tilt.
distribution function (ODF) has a volcano-like shape with a local minimum along the cone
axis k (Fig. 3a). This contrasts the conventional picture of a Maier-Saupe ODF with a global
maximum along k and a sugarloaf-like shape (Fig. 3b).
Later on, the early ideas of de Vries were more and more refined and, moreover, other
mechanisms explaining the absence of layer shrinkage suggested [3,4]. Nevertheless, the hollow
cone has been a widely accepted model in the literature and is repeatedly referred to in discussing
de Vries behavior or even taken as a basis for theories describing it. However, even after 20
years of extensive investigations, the experimental confirmation of this ad-hoc model is still
inconclusive. While optical and electro-optic studies of many de Vries smectics can be readily
explained with the hollow cone model, X-ray diffraction studies as well as many polarized Raman
spectroscopy studies support a broad sugarloaf ODF.
We review and summarize X-ray, electro-optic and polarized Raman spectroscopy results
on the orientational distribution functions in the SmA phases of de Vries-type materials and
discuss how seemingly contradicting findings regarding the shape of the ODF can both be true
at the same time. Optical properties are governed by the order of the aromatic core, whereas
X-ray diffraction essentially probes the order of principal molecular axes. In molecules where
the core is far from collinear with the long molecular axis, the cores may exhibit a volcano ODF
while the long molecular axes exhibit a sugarloaf ODF.
2. What determines the smectic layer spacing?
In the hypothetical case of a SmA phase of rod-like and non-interdigitating molecules with
perfect orientational order (Fig. 4a) the smectic layer spacing dA is simply set by the effective
molecular length Leff:
dA = Leff, (1)
where Leff is the thermal average of the molecular length. Note that in the case of partial SmA
bi-layer structures, which are quite common in de Vries smectics, Leff exceeds the molecular
length of a single mesogen, depending on the degree of interdigitation.
If orientational fluctuations and thus the imperfect orientational order present in all SmA
3
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Figure 4. Factors influencing the smectic layer spacing d. (a) In SmA with perfect orientational order, d is set by
the effective molecular length; (b) in SmA with non-perfect orientational order, d is reduced by molecular orientational
fluctuations in β; (c) the director tilt θ in SmC further reduces d.
phases [3] is taken into account, the layer spacing is reduced to:
dA = Leff < cosβi >, (2)
where βi denote the molecular tilt angles of individual molecules i (Fig. 4b). The ensemble aver-
age 〈cosβi〉 can be approximated up to second order in βi by the orientational order parameter:
S2 =
1
2
〈3 cos2 βi − 1〉, (3)
leading to [5]:
dA ≈ LeffS2 + 2
3
. (4)
In the SmC phase the average axis of molecular orientation (the director n) is tilted by the
director tilt angle θ (Fig. 4c) and the layer spacing in the SmC phase becomes [6,7]:
dC ≈ LeffS2 + 2
3
cos θ. (5)
This result leads us to the following conclusions:
• There are three main factors - all of them temperature dependent in general - defining
the smectic layer spacing: the effective length of the mesogen, the degree of molecular
orientational order, and the director tilt.
• There are two options to counteract the reduction in layer spacing due to an increasing
director tilt θ: An increase in effective molecular length Leff and/or an increase in the
orientational order parameter S2.
• It has not escaped our notice that any shape of an orientational distribution function -
may it be sugarloaf or volcano - could result in de Vries behaviour as long as they lead to
the same values of S2 .
Gorkunov et al. have undertaken detailed calculations of the layer spacing in the SmC
phase using a molecular model which corresponds to a sugarloaf-shaped ODF [8]. It has been
shown that both a virtually constant layer spacing and the conventional layer contraction can
be reproduced using the same intermolecular interaction potential with different values of the
coupling constants. In particular, if one neglects the biaxial order parameter in the SmC phase,
the following simple relationship is generally valid:
S′2 = S2P2(cos θ), (6)
4
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Figure 5. Influence of S4 on the ODF. Negative values of f(β) are due to truncation effects.
where the order parameter S′2 specifies the ordering of long molecular axes with respect to the
layer normal k while the orientational order parameter S2 (see Eq.(3)) specifies the ordering
with respect to the director n in the SmC phase (which is tilted by the angle θ with respect to k).
In the case of constant layer spacing the order parameter S′2 is also constant according to Eq.(4).
This can be achieved if the decrease of P2(cos θ) with the increasing tilt angle is compensated by
the growth of the nematic order parameter S2. As shown in [8], such a compensation is possible
in a model with a sugarloaf ODF if S2 is not too high.
3. The shape of orientational distribution functions
In the general theory of orientational order of rod-like molecules in uniaxial liquid crystals such
as SmA the ODF f(β) is expanded in terms of even Legendre polynomials P2L(cosβ):
f(β) =
1
2
+
5
2
S2P2(cosβ) +
9
2
S4P4(cosβ) + ... (7)
The expansion coefficients:
S2L = 〈P2L(cosβ)〉 (8)
are known as the orientational order parameters, the first non-trivial of which are the S2 given
in Eq. 3 and S4:
S4 =
1
8
〈35 cos4 β − 30 cos2 β + 3〉. (9)
Generally the expansion is ended with P4(cosβ) as there is only limited experimental knowledge
available about higher order terms.
We now have to address the key question how the sugar-loaf and volcano ODFs in Fig. 3 are
distinguished in terms of the order parameters S2 and S4? Since a positive value of S2 is required
for the thermodynamic stability of the liquid crystal phase [9], the only way to obtain the local
minimum of the volcano-shaped ODF at β = 0 is a significant negative value of a higher order
parameter S2L with L ≥ 2. In other words, the volcano-shaped ODF is distinguished from the
regular sugar-loaf ODF by negative values of higher orientational order parameters such as S4.
This leads to the important consequence, that measurements of the optical birefringence or
linear dichroism can in principle not distinguish between sugarloaf and volcano ODFs. Since
these properties are related to second-rank tensors, namely the dielectric tensor, their anisotropy
5
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depends on S2 only [10] and thus they neither probe the sign nor the magnitude of S4 or any
other higher orientational order parameter.
Order parameters S2 and S4 in the SmC phase as well as profiles of the layer spacing d have
been calculated in Ref. [11] for three different shapes of the ODF: hollow cone, volcano like
and sugarloaf. It has been shown that for all realistic values of the molecular model parameters
the order parameter S4 remains positive although it can be rather small for hollow cone distri-
bution with a shallow minimum at the origin. At the same time all models yield very similar
temperature variation of the order parameter S2 below the transition point into the SmC phase
provided the value of S2 at the transition is the same. The best qualitative coincidence with
typical experimental data is obtained when the ODF in the SmA phase possesses a relatively
low flat maximum at the origin which is also compatible with low values of S2.
4. Experimental findings - S2, S4
With the renewed interest in de Vries-type smectics, the orientational order parameters of
these SmA phases were intensively studied by various experimental methods, namely 2D X-
ray diffraction (XRD), polarized Raman spectroscopy (PRS) and infrared dichroism (IRD). 2D
XRD studies of well aligned SmA samples enable in principle to obtain the full ODF and thus
all order parameters S2, S4, S6, ... by a detailed analysis of the azimutal intensity distribution
I(χ) of the diffuse wide-angle scattering originating from the fluid intra-layer correlations of the
molecules [12–14]. PRS probes the principal axis of a fourth-rank tensor - the Raman tensor -
and thus enables measurements of the order parameters S2 and S4 [15–18]. As already outlined
above, measurements of linear dichroism such as IRD are limited to S2.
A comprehensive selection of order parameters found with these methods for de Vries-type
SmA (or SmA*) phases is presented in Tab. 1. We first of all notice from Tab. 1 that most
values of S2 are in the range between 0.4 and 0.6, some of them even below 0.4. This range of S2
is unusually small for SmA phases: McMillan’s theory of SmA phases predicts the orientational
order parameter to be in the typical range of S2 = 0.7...0.9 [19] which was later also confirmed
by experimental results, see e.g. [12,13,15,20,21]. In contrast, the de Vries-type SmA phase is
signified by an unusually weak orientational order, the corresponding S2 values of which are in
the typical range of nematic phases (S2 = 0.4...0.7 according to the Maier-Saupe theory [9] or
even below.
This observation led to the far-reaching conclusion that orientational ordering is obviously
not the main driving force in the formation of a de Vries-type SmA phase [31]. Instead, the
formation of de Vries-type SmA is driven by a strong tendency to smectic layering, i.e. by the
nanosegregation of chemically incompatible molecular segments [2]. In this case, the smectic
1D translational order parameter σ is the primary order parameter of the (direct!) isotropic to
SmA transition while the orientational order parameter S2 - as a secondary order parameter -
can in principle remain small. This consideration does not only explain why there is no example
of a de Vries-type material with a nematic phase, it also rationalizes current design strategies
of de Vries-type smectics which are all based on the incorporation of nanosegregating molecular
segments such as terminal siloxane or silane chains.
In non-de Vries materials which follow the McMillan theory, the orientational order param-
eter S2 is primary while the smectic 1D translational order parameter σ is a secondary order
parameter which becomes non zero at sufficiently high orientational order. In this conventional
case S2 is high and almost saturated in the SmA phase and thus can not further increase to
an extent which would be necessary to compensate the layer shrinkage in a transition to SmC.
Low values of S2 are thus essential for a de Vries-type SmA phase.
We further notice from Tab. 1 that measured values of S4 (and S6 in [26]) are all positive
or close to zero. At least, there is so far no experimental evidence of clear negative values of S4
or of any other higher order parameter which however would be required to describe a volcano-
shaped ODF (cf. Section 3). In this sense, the experimental values of S2 and S4 known so far
do not support the hollow cone model or the presence of a volcano ODF. Instead, the rather
6
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Table 1. Compilation of orientational order parameters S2, S4 and S6 obtained for de Vries-type SmA phases by 2D
X-ray diffraction (XRD), infrared dichroism (IRD) and polarized Raman scattering(PRS).
Ref. Material Method S2 S4 S6
[5] 3M XRD 0.56 > 0 -
[22] DSiKN65 IRD 0.48 - -
TSiKN65 IRD 0.38 - -
[23] TSiKN65 PRS 0.25 . . . 0.30 −0.1 . . . 0.0 -
[24] TSiKN65 IRD 0.4 . . . 0.6 - -
[7] C4 XRD 0.7 a - -
0.4 b - -
C9 XRD 0.6 a - -
0.4 b - -
[25] 9HL XRD 0.6 0.2 -
PRS 0.6 . . . 0.8 0.1 . . . 0.5 -
[6] 1 (A in [26]) XRD 0.45 > 0 -
2 (B in [26]) XRD 0.45 > 0 -
[26] A XRD 0.5 0.15 0.05
B XRD 0.5 0.15 0.05
C4 XRD 0.7 0.35 0.1
C9 XRD 0.5 0.15 0.05
[26] QL13-3 XRD 0.43 . . . 0.47 - -
QL18-3 XRD 0.48 . . . 0.52 - -
QL19-6 XRD 0.55 . . . 0.58 - -
[27] 9HL NMR 0.65 . . . 0.80 c -
[28] MC 513 PRS 0.51 0.14 -
[29] C4 IRD 0.3 . . . 0.4a - -
IRD 0.4b - -
- IRD 0.6 . . . 0.7c - -
C9 IRD 0.30 . . . 0.35a - -
IRD 0.43b - -
IRD 0.45c - -
[30] MSi3MR11 XRD 0.41 - -
a hydrocarbon segments
b siloxane segments
c mesogenic core
7
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small but positive values of S2 and S4 indicate the presence of a broad sugarloaf ODF which
can explain the practical absence of layer shrinkage as well (see Section 2) and thus makes the
assumption of hollow cone or volcano ODFs unnecessary. This view receives further support
from theoretical calculations [8,11,32] and recent simulation results [33].
Even though the experimental values of S2 and S4 support the assumption of a broad
sugarloaf ODF, they do not strictly exclude the existence of volcano ODFs since these might
also originate from a negative S6 order parameter. Neither the sign nor the magnitude of higher
order parameters such as S6 has been systematically studied so far, except for the positive S6
data reported in [30].
5. Electro-optics of chiral de Vries smectics - the electroclinic effect
In chiral smectic A (SmA*) an electric field E applied along the smectic layers induces a tilt
θ of the director n in the direction normal to E. This has become known as the electroclinic
effect in SmA* [34]. In SmA* phases of the de Vries-type the induction of the director tilt is
coupled to a substantial increase in birefringence [2,5,30,35–38] which reflects the increase in
orientational order associated to the appearance of tilt. Studies of the electroclinic effect thus
provide a perfect tool to study the coupling between tilt and orientational order in de Vries-type
smectics.
Clark et al. studied the electroclinic effect in two de Vries-type materials and analyzed the
results in terms of the hollow cone scenario [37]. In the absence of external electric fields the
molecules were considered to be randomly distributed on a cone with the opening angle 2βA.
Under the application of an electric field the molecular dipoles couple to the field and the
molecules were assumed to become azimuthally biased towards one side of the cone, resulting
in a tilt θ of the director, and an increase of birefringence ∆n. The exact behaviour of the field-
controlled birefringence in this scenario, calculated using the Langevin model for 2D biasing of
dipoles [39], is well approximated by [37]:
∆nφ
∆nmax
≈ P2(cosβA) + (1− P2(cosβA))( θ
βA
)2 (10)
where ∆nφ is the birefringence as function of azimuthal biasing of the molecules on the cone,
∆nmax is the birefringence of the fully switched state, i.e. when all molecules are on the same
azimuthal position φ on the cone, and P2 is the second order Legendre polynomial in cosβA.
Fig. 6 from Ref. [37] shows calculated (using Eq. 10) as well as measured birefringence data
for the material studied. It is evident that the strict hollow cone model with a fixed βA fails to
describe the electroclinic behavior as it predicts a significantly steeper slope in the birefringence
vs. induced tilt characteristics than the one observed. But when letting the cone angle increase
with director tilt from βA ≈ 25◦ at θ2 = 0 to βA ≈ 34◦ at θ2 ≈ 0.35 the data could be fairly
well represented, cf. Fig. 6. This apparent field-induced opening of the cone was attributed to
the conventional electroclinic effect comprising a tilt of the rod-like molecules in addition to the
azimuthal biasing on the cone [38].
Similar investigations were done by other groups as well [5,36,40] and all led to the con-
clusion that the ∆n(θ)-coupling is well described by the assumption of Langevin-like ordering
of molecules distributed on a hollow cone. This certainly gives strong support to the hollow
cone model. But on the other hand, as we pointed out earlier, birefringence does not probe
higher order orientational order parameters and thus does not distinguish between sugarloaf-
and volcano-shaped ODFs. It can thus not be excluded that a similar description of experimen-
tal ∆n(θ) data might also be obtained by models assuming a (broad) sugarloaf ODF with same
range of S2 as the current hollow-cone based models.
In this context it might be worth to point out that a broad sugarloaf ODF can always be
composed by a sum of several volcano ODFs, the opening angles of which decrease from one cone
to the next (Fig. 7). In this case, the ∆n(θ) coupling should be a superposition of Langevin-type
8
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Figure 6. Electroclinic effect in the de Vries material C4, from ref.[37]. The hollow cone model cannot describe the
observed birefringence behavior. At (θ2 =) ψ2 = 0 the birefringence matches a hollow cone with (βA =) θA = 25
◦ while
at (θ2 =) ψ2 = 0.33 the birefringence matches a hollow cone with (βA =) θA = 34
◦. Filled symbols refer to data from the
SmA* phase.
ordering of molecules distributed on hollow cones with different opening angles.
6. The role of molecular shape
The positive S4 values determined by X-ray diffraction and polarized Raman spectroscopy sug-
gest a sugarloaf ODF for de Vries smectics. However, optics, electrooptic, and linear dichroism
measurements provide at least indirect support of a volcano ODF. The reason is that in order
to reach the very low values of S2 ≈ 0.4 determined from birefringence and linear dichroism,
cf. Tab. 1 a sugarloaf ODF would necessarily have to be unusually broad (like in a nematic)
while a volcano ODF can be much narrower and still produce the same small birefringence and,
hence, the same low values of S2.
We suggest that these seemingly contradicting findings - the sugarloaf ODF from X-ray
diffraction and Raman spectroscopy and the volcano ODF from birefringence and dichroism
- could in fact be true at the same time. The reason is that the refractive indices and thus
the birefringence ∆n are related to the anisotropic polarizability of the molecules while X-ray
scattering basically probes the principal axis of the electron density which is given by the axis
of molecular gyration (for a detailed discussion see [41]). This means that birefringence mea-
surements probe the orientational order of the aromatic, highly polarizable, molecular cores,
whereas X-ray diffraction probes the orientational order of the long axis of the molecule. Obvi-
ously, when we consider molecules where the aromatic core is significantly tilted with respect to
the principal molecular axis, the cores may indeed exhibit a volcano ODF while the molecular
axes simultaneously exhibit a sugarloaf ODF (see Fig. 8).
To further illustrate the relevance of this picture we focus on the electroclinic effect in a
SmA* phase of strongly Z-shaped molecules [42]. Let us first consider the extreme case illustrated
in Fig. 9, where Z-shaped molecules, with the core tilted the angle ω with respect to the
molecular axis a, are perfectly ordered along k, i.e. Sa = 1, where Sa is the S2 orientational
order parameter of the molecular axes a. The transverse dipole p is assumed to be always normal
to k and a. As the molecules are free to rotate about a, the distribution of the molecular cores
is mathematically equivalent to the hollow cone model with the opening angle 2ω, and a hollow-
cone type electroclinic response according to Eq. 10 can in principle occur as a result from pure
rotational biasing about k, i.e., with no tilt of the molecular axes.
9
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Figure 7. Illustration of the electroclinic effect in an extreme hollow cone scenario (a), in a diffuse cone scenario (volcano
ODF) (b) and a sugarloaf ODF (c). Distributions in (b) and (c) can both be constructed by a set of distributions in (a)
with varying cone angles.
Figure 8. (a) Representation of a molecule (blue ellipsoid) in which the molecular core (red) is significantly tilted away
from the principal molecular axis. Tilt fluctuations (b) and azimuthal rotation about the molecular axis (c) gives a sugarloaf
ODF of the molecules and a volcano ODF (diffuse cone) of the cores (d).
Figure 9. (a) Schematic illustration of a non-tilted, biaxial Z-shaped molecule where the core is tilted the angle ω with
respect to the molecular axis a. With no orientational disorder in the molecular axis, i.e. Sa = 1 the cores are randomly
distributed on a hollow cone with opening angle 2ω (b). Under an electric field applied normal to k the molecular dipoles
p are biased along the field direction and the core distribution is tilted and focussed towards one point on the cone (see
Fig. 7a).
10
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Figure 10. Zigzag biaxial molecules with orientational disorder in molecular axes a about the layer normal k. Under
electric field E the molecular dipoles p are along E.
Let us now assume a more realistic picture, where the molecular axes a are not perfectly
ordered along k, i.e. Sa < 1. The S2 orientational order parameter of the aromatic cores Score
is in turn coupled to Sa through the addition theorem of Legendre polynomials [43]:
Score = SaP2(cosω). (11)
For simplicity, let the molecular axes fluctuate between the angles +β and −β in the plane
normal to the applied field E and let the dipole p be along E under electric field. We can then
make a rough estimation of Score determined by the averages 〈cos2(ω + β)〉 and 〈cos2(ω − β)〉
in the two cases in Fig. 10 and get:
cos(2ω)〈cos 2β〉 = 4Sa − 1
3
. (12)
With finite disorder in molecular axes a about the layer normal k, Eq. 10 is then modified
according to
∆n
∆nmax
≈ P2(cosβA) + 4Sa − 1
3
(1− P2(cosβA))( θ
βA
)2 (13)
This means that the slope of birefringence vs. tilt squared should become smaller by a factor
4Sa−1
3 when we introduce disorder in the molecular axes, schematically illustrated in Fig. 11a.
With Sa = 0.65, and ω = θA = 25
◦, we can by using Eq. 13 in fact fairly well match the
experimental data for C4 in Fig. 6, see Fig. 11b. In Fig. 11b is also plotted the calculated
birefringence as function of director tilt using Eq. 10 for βA = 25
◦, and βA = 34◦, from Fig. 6,
as for comparison.
7. Conclusions
Even after more than 20 years of investigations, the detailed underlying mechanisms for non-
layer shrinkage behaviour in de Vries smectics are still not clear. The original hollow cone model
of de Vries as well as the more general model of a volcano-shaped ODF explain the absence
of layer shrinkage and the coupling between birefringence and director tilt in such a simple,
intuitive and generic way that they are still widely used. On the other hand, experimental
studies of orientational order parameters in de Vries-type SmA phases clearly do not support
the existence of a hollow cone or a volcano ODF. These results instead suggest the presence of
broad sugarloaf ODFs which exhibit the same low values of S2 as the volcano ODFs and which
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Figure 11. (a) The effect of introducing disorder in molecular axis a, i.e., Sa < 1 is that the slope of
∆n
∆nmax
vs. θ2 is
reduced with the factor 4Sa−1
3
. (b) Calculated birefringence vs. director tilt in the case of a perfect hollow cone scenario
with βA = 25
◦, and βA = 34◦ for the data in Ref. [37] and for the case of orientational disorder in the molecular (or cone)
axis (Sa = 0.65, ω = βA = 25
◦. The latter case matches the observed behavior, the black dots are the SmA* data from
Fig. 6.
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can explain the basic features of de Vries smectics as well, however in a less simple and intuitive
way as the original models.
This seemingly contradictory situation might result from the fact that all existing models
based on either volcano or sugeloaf ODFs consider the mesogenic molecules as rigid-rods. De
Vries-type smectics might thus be another example of liquid crystals (such as bent-core smectics
or twist-bent nematics) where the simple rigid-rod approximation fails to explain basic features
of liquid crystals [44].
More realistic models such as the one presented in Section 5, where the highly polarizable
core of a zig-zag-shaped molecule probed in optical experiments exhibits a volcano ODF while
at the same time the molecular long axis probed in XRD experiments exhibits a sugarloaf ODF,
might resolve the conflicting experimental situation. Refined models assuming a more realistic
molecular shape can also include variations in the effective molecular length due to molecular
conformational changes and/or changes in the degree of molecular interdigitation in the partial
bilayer SmA phases of nanosegregating de Vries-type smectics - both important factors which
we merely discussed in this paper since we here focus on the ODFs in de Vries-type smectics.
The nature of de Vries-type smectics certainly remains a challenging topic of liquid crystal
research regardless of whether or not there is a technological need for these materials.
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